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IMh liquid phase intc.rcalalion Icchniquc  and clcctI-(Jcllcl]lical  intcrcalatirm  tcchniqm were
examined for the 1 .i-cmbon Inalcrial  ]mpara[ion.  ‘J’hc c.lcctlc)ct]cillical  techniques inchldc a
in[crmitlcnt  discharjy  Incthod aIlcl a two stc]) IIV311(K10  ‘J’hcsc (WO clcctroctmnical techniques
call cI~suI c to achicvc the maximulu I-cvcrsiblc.  1 .i capacity for common commercially
availab]c  carbon ]Ila(crials.  “]’hc carbon lna[cri:t]s  c.valuatc(i  by two stcj) itltercalatiolj Illc.thod
iIxludcs:  pitch coke, petroleum coke, I)AN f]bcr aIId graphite, matmials.  ‘1’heir )cwmsiblc  1,i
c a p a c i t y  wcm (ictcnninc.(i  and com])are(i.  III this p:i])cr, wc also dclnonstratcd  the
importanm of }{1>1  Jh4 binder com}msition in the carbon clcc(rodc.  Our results indicated that
it can impact the 1 .i intcrcalaticm and dc-intcrcalaticm  capaci(y  in carbon materials. I:inally,
two possibilities that Inay hc.]p cxl)lain tlm capacity dc.gra(intion  during  the< prac[ical  CZll
cycling Were ]MO]XWI  ,

1 Nl ‘1<01.)lJcJ’lo_N. .

Rcchargcab]c  lithium CC]]S containing ]ithium foil ancxlc.s  are rc]mrlcd to have. limited cycle.
life pcrfomancc  and safety problms.  IIoth pmblcms  can bc ascribcxi  to the })igh  reactivity
of 1 ,i with the clcctrol ytc and the, forlnation  of high surface, al-ca 1 .i (Iuling cycling. ‘1’0
ovcrcomc  [hcsc problems, the 1 .i amclc needs to bc replaced by an alternate anocic ]Ilatcrial
whic}l  cjxhibits  (1) low equivalent weight, (2) low voltage vs. 1 .i, aIId (3) stability towards
valious  chxtro] ytcs (1 j. At J]]]., wc have bcm evaluating al(cmatc,  an{xlc materials such as:
1 i-Al based alloy, 1.i-Mg2Si and carbon ]natcria]s. in this paper, wc will focus on the

evaluation of diffcrmt types of carbon matcria]s, Carbon has been studied (?) as a
candidate alternate anoctc  material since it posse.sscs the above mcntione.  (i pro]mtics.
1 lowevcr, before it can bc used as an anoc]c  for mchargcablc  lithiuln  CC1l S, the. carbon
Inatc.rial  should bc intro calatc.d  with 1 .i.

AlthoLIgh, carbon possesses the proposed propc.~”[ics,  intwcalntion  of 1.i into carborl  is not
tt-ivial.  llarlicr  studies did not deal with how to intcrcalatc,  1.i into carbon to achicvc.
maximum theoretical capacity or specify the utilizable  1 ,i compositional region. “1’hc, 1 .i
capacity and lcvcrsibility  of cation  materials will bc quite diffcrcmt  depending on the raw
material source mcl heat treatment history. in addition, Pdtmicatiol)  of the. carbon clcctrocic
is no[ trivial either since the carbon parlic]cs can not be compactc,d  at room tcmpcraturc  ir]to
shapes without the addition of binders. AlthoLrgh at high tcm)pcratue  and pressure carbon
car] h compactc(], the sin(cring makes the c]cctrodc  lCSS porous and changes the carbon
surface propclties. I’hc optimum binder composition ncccts to bc. ctctcmnincd since too
much binctcr will lead to lower specific cmcr-gy,  poor rate capability and inadequate 1.i
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in[mcalation lillC1’,  a n d  imuffic.  icnl  bindc.1 can not Ilold lIIC CR] boll par[ic]cs  to~cttlcl.
1 ‘llrltlcr, low ~xm)sily  and nonunifmn  loading of carbon lllatclial  in the dcctrocic  will also
rcducc  lt]cratcc:t])aoility  and illtc.rcal:it:il)  lc. l.ica]):tcity, i n  [his ])a]mr, wc dclI]onslIalc.
tcc]lniqucs  that will lll:ixillli7.crc\/clsiL)lc  l.i c:i~):icityis]c{~lllllloll  Collllllclcial]y  available
carbon  malcrials. ‘J’llis  palm also includes a discussion of clcctlodc.  fablicalion  and
clcctlochwnical  stll(iic.sollcall)oll”  malclia]s.

‘Jivo mcthocis of l,i-carboll  malcria]  j)rcj)tira(ion were cxamincxi,  i.e. the liquid  phase
intcmalation  and l}]cclccll{)cl~clllical  I.i inlclcala[ion tcchniqmx. II] the case of the liquid
phase.  intercalation tcchtliquc to J) I’C])dJC  I ,i(;6 lnntcria], (Ilc J) Ic])21”alioIl  ])1’OCCS\ WHS
coadac[c.d  in tlic argon-fillc(i  dry box with n Mo crucible. as tl]c ]noltc.n  1,i cm~taine.r,
(;1 a]hilc m(is wcm immersed into the. lnoltc.n I .i at 350 ‘){;-390 ‘)<: for 8-10 hours and tlIc
final  J) I”(XillCt  W~S  a @]CI1-Cok)l”CI]  1,i~~6  lllatC.I  id.

in tllc olhcr lmnd, tllcr clc~trc~cllc.lllic,nl  inte] calation  of lithiuln inlo various carbon IIlatcl  ials
was studied using the following CC1l  configuration: (-) 1 i/l .5L4 1,iAsl~6 in lo% l;~-t 90% ?-
h4c.’l’J ll~/l.iX(;  (-I ). ‘J’hc carbon materials WCIC. fil S( cvaluti[mi  fO1 cllcll]ical stabili[y  and
compatibility in the. ccl] Cnvironmcnt. ‘1’lIc stI uctum of tl)c ]x)sitivc clcctmdc materials wclc
studied by x-my(iiffraclion  mc[hod. ‘I’IJc. cc)lllolllctlicti  lra[iorl”  tcclllli(]lle\  vasal)]}lic(i  to
study the. number of phases, ])hasc colnposi[ion,  caJx3city and o]wn circtlit  voltage (O~V
v s .  IJi) of the matmials. l{lcclrodcs were  II)adc by J)rcssing an(i thc,n formed b y
clc.ctl(~cl~clllical  it]tcrcalation  with l.i. ‘1’hc])rc.ssillg  tcchniqm  was found  suitable for [tic
clcc[lo(lc,  fi~t}lic.atic~l~.  lltl]ylcl~c.  ])l-(~])ylcllc  (lic.l~c  monomer (lil’llh4)  was used as a I)illdcr.
A]]c]c.ctl`(lclcs  WJc.l"c]  llc])al'c.ciby lllixill~tl  lcc:tl'[J()llJJ  c)\\~C]c1  \\~i[ll asoltl[ior~of  l;l’I>h4[Jir~(lc1
ir~ cyc]ohcxanc.  until a unifcmn  Slul-ry was ol)laincd, ‘I’l~csltl~ly  \\’:iss  ])rca(lorlt Jolll sides
ofa nickc]  grid to form tllcfe.lc.ctto(!cs. ‘1’hc clcctl o(ics were. t}m ]msscd tmt wccn a set of
stainless stcc.1 plates. ‘Iy])ically, electrodes were coatcxl with 10- 1 S mg of cartxm per CII} 2,
and WCIC  ]()- ] S mil thick, l;lc.ctl’c}cl~clllical  CCIIS wcm constl  uctcd using  these,  clcctrodcs,
lithium foil (1’ootc.  h4incral  Gr]).), ])orous”  ]wly]my)ylc.ne scparatols  (G]gard no. 2.400),
and H ] .S M so]u(ion  of 1.iAsl;6 in a 10:90  lnixt~lrc  by volt]Jnc of li~ and 2.-h4e,r1’11  I~. “1’o
ctcscritm  a little  ]norc in detail, the clc.ctrodcs  were assclnblcd  using sl)iral wound  ccl]
configal-ation and  tl)cJI  the CC.11  stack is hold by a glass vial with tcflon mc.mira  in the  CCIIICI.
‘I”hc  Ic,ason to usc the glass vial is for the fur[hcr e,valualion  of the cell components (]mst
mortoa analysis) aftcrr  cycling cxpcrimcnt. ‘1’0 dc.(ermine vo]tagc  as a func[ion of
composition, cells wc<rc chargccl  anti di sc}]argcd  at constant current  un(icr ambic. nt
tc]nlmatmc  conclitions.  ltxpc.rilnc<nts  vmrc condmtcci  in an oxygc)) and lnoisture. free dry
box.

(1) lJix C material ])rcpnralion:

‘lb cxan)inc  the usefulness of the 1.i~6 material prcparcci  by (hc liquid  phase intercalation
tczhaiquc, wc cvaluatc(i  its 1,i rcvcmibi]ity,  the rcsu]ts indicated that about ().08 1.i per
carbon  is mvc.rsiblc  at a slow rate (l;igurc  1). IIy comparison, wc also cvaluatcc]  the
clcctmchcmica]  l-i intercalation into the same carbon malcria]s. “J’hc rcsu]ts  indicated  that
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1 ,ix(~ matclial  ]Jlcj)atcd aftm itllclllli[lclll  discharp,c (cchniquc  can Imvcj atmut 0.1 1 i IK3
ca] bol~ 10 bc lcvcrsiblc  al a hig, hcr mlc. in view of (Ilis and for our own convcnicncc of
c.asy handling, lhc c.lccliocllclllic:tl  intmcalatiorl  Icct)niquc.  was sclc.cml  to I)]c]mlc 1 .ix(:
lna{crial  for this ww k.

(2)  ltl(’clI.(JcllcI]lic:tl  IJi illtcrcalalion:

IIcfom cmbon malcrial  can t)c used as aIIocic  fo~ lcchargcablc li(llium cells, it should bc.
illlclcalatcd  with IJi. A  (mtlniquc,  of intclcalating  l.i )-c]~ctitivcly  at constant curlcnt
(i[l[c.lllli[(cll[cl  iscllalgcte.c  lllliqLlc)wastl -ied. lnitial]y,  t}mvolta~cof  t}lcc:ill~c)llclcctlo(lc
al)]macllcs z,c.mvo]t vs. l.i (l~llil~gtllecol~stal](  curfcmt discllargc.  Al this lmint,it  appeals
that thccxubon  clc.ctmdc  is]lolllorctlsc.ftll;”  l]ow’cvcl,ifll  icclc.c  ll-”cllclJlical”  in(c~ca]ation
process is lc~)catc.d  aftcl the O(;V goes above. zero voll vs. 1 .i, one. can intcrcalntc  ]nol c 1 ,i
illtott)ccal”~)c)rl.  Aftcl"l ]lisstagc,t ]]c], iilltcl"ca]ati( )llillt()ca l'~)c)lll)  latc1'i:i]  is]mssib]c+  ‘1’hc
Icsults of tlm cx])crimcnt  alc shown in the l:i~ulc 2. II) this cxpcrilncnt,  wc ap])licd a

2 f{)rlllc  filsl(liscl):il-Sc,  tllcccll volt:  t~c])lcci]Jitollsly  calllc”c(~l)sla~~tcl]rrr.r~t  of(L2.8nlA/cm  ,
dowl~ tt~zcmvol[  vs. l.i, amnd ttlccol~~]~ositioll  I,ioOOl~~.  At thispoint,  wc cut off the. .
mmn( and tllcccll vol[agclc.covclc~l”  to 1.6 V vs. l.i. Nowag,ain,  tllc caI-tmII  c.kctrodc  was
discharged fit t]lcsaTllcc  llrJ’cllt dcmsityfol-the sc.coJId  (imc.. As stlown ill ]Jig,ulc  ] that not
o[~ly  is tlmclcc~lcxlc.  kinc.tics  illl~~lovcd  bul tl~c litlliuln inlclcalation bc.gins.  ‘l~I)ically,  I.i
can bc])ut  ir)tocalLJOJlclo  sctotllcJ llaxillltllll  c()l]l])()siti()  r](1,i(;6)  af[crtl]c  f()Lll-tt)  rclJcatc(l
discharge ploccss. l:i~ul-c  3 shows lhc voltage vs. composition rc.lationship  dining the first
l,iil~tc.Jca]atiO1)(I=  ().2811 ~A/cll~2)  &clc-il~tclc:ilatioll(l=  (1.841 ]lA/cj112)c ~~clci  Jla321~lAll
c e l l .  'l'tler csllltss llC~\vR  ccl-laillal\  l(~tllll()f  illtcl-calalcdl{  iisll() trcc()\~cIal)lc( ltll-i Tlg,tllc(lc -
illtc.rcalation  fo] tlm first cycle. Jlowcvcr, dllrill~  subsequent cycles, the amount of I.i
cOIIcsI)O1l(lillg”  to the capacity of 0.05<X in 1 .i ~~ <().1 5 can bc rcvc.rsib]y  cycled with
nc.~,lisiblc  10ss. Anot}]cI inlc.lca]alion  [cchniql]c.  is a two stages of ] ,i reaction procms, t]lc.
firs[ s[agc i]lvolvcs  intcrcalatinF,  1 i into carbon tit higher CUJIMI until the. CCII  vo]ta~c  is
c]osc to zero volt vs. Ii, followed by the. second slagc of a smaller cL]Mcnt  lithiuln
intcrc.alalion  after the volta F,c rccovc~s to a stc.ad y value.. 0111 lcsu]ts  sl)owc.d that ttlc
lnaximum  thco] ctical composition can bc achicvcd in tlw second sta~c.  of 1 ,i intcrcalationo
II) addition, oul rcsul(s showc41 that the composiliona]  region for the second stafy is the N.til
utili7ablc.  one..

(3) ltvalualion  of carbon materials:

‘J’lIc  cartm materials thal ha(i been cvaluatcfi  includes: ])itch coke material, the same ty])c of
pctrolc.um coke. materials with diffc~cnt  par(iclc sire, PAN c:i] bon fibc.r  and gra])tli[c
lnatcrials. ‘J’hc coke nlatc.lials  that wc l~avcf evaluated showed a Iyj)ical  ]mwdcr x-ray
diffraction patmm of broad peaks com])arcd to the. sharp an(i narrow pcalcs  for gt aphite,
ma(cria]s (Iiigurc 4). liigurc  5 shows tlm two sic]) I .i Icaction  of ])itctl  coke ln:ttcrial  with
initiJilly  high mirrcmt,  followed by a low cur] cnt 1 .i intercalation, it can }I:ivc about 5070 of
1 .i cal)acily (o bc rcvcrsiblc,  1 kw the cvalu:i(ion  of ]mtlolcum  coke materials, wc cxamimd
the 1 .i rcvcrsiblc capacity (by 1 V cut off) of the salnc pctmlc.um  coke m:itcrials  but with
ciiffc<mt pal lic.lc si zc,. lii~tirc 6 is fol lhc onc with larger ]mrlic]c si~,c.  ‘1’hc ]cvcrsiblc 1 ,i
caJ)acity is about  0.06 1.i pcr carbon. Similarly, the ~cvcrsiblc 1 .i ca]xicity  is also about 0.()’7
1 .i pcr carbon for the same coke matcria]  with smaller partic]c size (Iiigurc  7). ‘J’hc major
diffcrcncc  is tlmt the irrcvcrsiblc  1 <i cajmcity  is much larger for the small parlic]c  size coke
materials. ‘J’his  incticatcd that the s~irfacc of Girhon  ma[cria]  ])lays a im]wr[ant  role in tlic
clcctlocllcmical  intercalation ]Moccss. Also, wc cvaltiatcd  tllc rcvcrsit)lc 1.i capaci[y  in the
I’AN-t)asccl  carboi~ fiber matct ial.  ‘1’hc rcsttlts indicated that about ().1 1 ,i pcr carbon can be.
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lcvclsib]y  cycled at a slow charge.  and (iischa]”~c rate (f;iguw 8). l;or the case. of grfii)llilc
lnatclial, ().l?A l.i pcrcmbon  cat] bclcvclsibly  cyclc(i aftcl a (wo step l.i reaction (I;igum
9). 'l'{lllltikC,  acLJ1ll]Jal`is(~  11, WICsllllllll:~l  i7.c.(i tlJclcvclsiblcl,  i ca]J:icil)~of(iiffclcllt  (yim  of
cadxm  Inatmials in ‘I”abicj 1.

(4)lCffecf  of binder  compo.si(iotl:

liro])~ oul-’l’iS2 stu(iics,  i t  was foun(i ti)a( (he ‘I’i S2 cattlo(ic]  )clfO1lll:ir]ccisil  ]flllcllcc(i”
sigl)ificantly  bythc  t)ill(icIcO1)]J>osi[iO1]. A1l(isill~iitil  ly, ti)cl;l’l)h4 l)ir~(iclc oll~])ositi(lt~  c:il~
also impact  I}lcilltclc:ilalioll  of],i into cnrbon. Jllo[llc.lw~ ol(ls,ci[ l)c.lcxccssol ina(icqllatc
alnounl of bin(icr  will (icgr:i{ic  pc.rfonnancc.  of ml(m) c,iew(rmic. ‘J’iIc clc.ctlocl]clllic:{i
pcrforlnancc  of the calbon elect] ode with 3.() w% 1 {1’1 )M binder  composition was stu(iicxi
as si~own  in l;igum 10. ‘1’ilc  rcsuits  in(iic.atc(i  tiIat  llIc clcctro(ic  colllposi(iol~ cm[ cspon(iing
to 3 WVO I;I’I)M c.xi]ibi(cxi  very low 1.i intercalation  ca])acity, ami the. fu~ [hm intclcahi[ion  of
l.iist~)tally  ill~])c~ssit~lcc vc.l~at  al()\\'c,]c~i  1jcl~t(l=  ().188 mA/cm2).  ltca[)l)ccot~clllclc.(1
that [llccaI-l)O1]c lcctr(l(icw  itl~3\\~cX~l  ll]l)h4 col~~]~(Jsiti(>  l~givc.s  ])(~(~lc  cii])c.l-f()l-ll]  nr~cc. ON
[llc(~t}lc.r  l~tt[~d,  l()wcl` l)irl(iclc ()l~ccl~[la [i()Il(2.\\`(% lil’IJM)lc.sllltc~iil~ l\igllc.r  l.iil~tcrctilatioI~
capacity.  Similtirly,  thcl H)IjM t)il)(lclcoll~])ositio~~  ill tlm])itch cokcc,lcctlO(ie.cal~”  also
ilnpact  tllcil~[clcala(iol]ofl.i”  il~[()~llisll~:itc~ial.  Most obvimsly,  t}lclcvclsit~le.l,i  capacityis
q~litc  ciiffc.rcllt wl)c.n tlIc. diffclcn[  1{1’l)h4  bin(icx  cmlqmsition  is l]scxi in tile I)itch coke
clc.ctmdc,s.  As shown in };igum 11, pitch coke cle.ctmdc ]na(ic with less bin(icr yic.l(is
si~,nificantly  Iligllc.ll  c.vcl-sil>lel,i  capacity  com]mlui 10 that of clcctlo(ie. willl l]if,imrbimicr
compositim.  All oftilcsclcs  ~lltsil~(iicatc(i [hat l)il~c!c.r col~~]~(~sitio~~ ])ltiys” an ilnpor[ant  ~o]c
in Il)ccmbon  clccttcxicfidl~rica[ioll.

(S) Ralc  capability of graphi[e  cvaiua!cd:

(6) Faiiurc  model of capacity declit]c:

Assessment of OUI  cycling ciata yiclti  a cxmccrn for certain types of graphite ma(cria]s, the
c.()l\ccli  lisa])r(Jgrcssivci  llcrcasciI  lt}lcal  ll()l)llt()  fl, iil~tc.lcala(i(  )llcacllcycl  c(l~igll1c  12),
fitl(ic(lllcs~loil(  iillgtil  c(ic])lctiollofl.i  su]q~ly.  O~lc.oftllc])ossit)ilily”  is that carbon J)arliclc
brca k off which i nmwsc. the sul face .ama dill-i ng c yc.ling. ‘J’heJ 1 .i is gmdual]y  consulnc.ci  to
fc)J1~l fillllfc)l[  i)cirlclcasc(lst  lrF~ccatca.  Al~c~tllc~])  c)ssit~ilityis  tl~atit  l~~ayt~cd\  lct()t})c
colltilltlollsc  iissollltioll  of the unslablcfiill]  fmncci  on thccahon  tnatcrial sur~dcc..’hchscsc
lll:iyllcll)cxl)laill  tl)cca])aci(y (ic.gla(iatiol]  in thcrcai  (prac[icai)ccil  situation.

l{lccttocl)clllicai  [cchniqucs  were cicvc.lope.(i for the incorpc}]  atiou of lilhium  into caT bon up
(()tl]c tllc{)lcticalc  c)IllJJc)siti(J1  ]toc.Ilstll-cl  llaxill]tlllll  cvcrsi()lccal  ~:icity.  ‘I’yjJicaliy,  I.icanbc.
i!ltclcalatui iflt(Jcal b()lJci(Jsc tot]lclllaxi Tlltllll  c()l]]l]ositi(J1  l].i~6,  All(i i[wasfound  that the.
maximum rcvcrsibie  I.i caJ)acity  of l.i-grfipi~ite  material is about 75% of its theoretical
caJ)acity, atlcittlc  l]laxillltllll rcvcrsit)le l,icapacity  ofl,i-cokc materials is about  50%of i t s
1 .i caJ)acily.  “J’hc rcfsu]ts also inciicatcct  that the bill(ier concentration in the carbon c.lcc[mdc
cansi~nificantly  affect tllcl.iil}tcrcalatiol~  &’ cJc-intcrcaiation  caJ)acity. And the. capacity
dc.c]ilm obscrvc,d in the practical CCJ1 cycling may be duc to the. (iccrcasc  of carbon par[ic]c
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‘]’]Ic WOrk (ic,sCril)c[i  ]lc.J’c  was caJTic(i out a( Jc( ])l’oJJll]sioJl  ] ,8bolXtOJ’y, (;aliforflia  ]J)Stitll[c

of ‘Jtxi)no]ogy,  uncic.r contlact witil the Natimai  Aeronautics and Space A(ll~~i~~istratiO1].

(1)  “AltcJ-natc  AJKKIC  hlate.rials  fm Alnbicmt  ‘Itmpcratum Sccxmiary ] ,ithium ~c.]]s”,  (~.-K,
1 luang, S. Surampu(ii, A. Attia an(i G. 1 laipm, Prcsemmi at the 18(M) Mc.cting of
]’3cctrochcm,  Sot., ])hocnix,  Alimna,  oct, (1991).

(2) R. Yaztami, 1)11. “ltmzain,  J. of l%wcr Sources, p. 368 (1983)9.
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Figure 1. Li de-intercalation and intercalation in LiC6 materiai prepared by

the liquid phase intercalation tcctmiquc.
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Figure 5. Electrochemical intercalation of l.i into pitch coke by two steps.
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Figure 6. .Electrochemical  intercalation and de-intercalation in petroleum
coke with large particle size.
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Pll CIH COKE :

COKE:PE1 f-{ OLEUM

PAN FlBEf3:

GRAPtilT”E:

* PAN FIBER HAS VERY 1.OW FIAT E CAF]ABILIW.

TAf31.E  Il. Rate Capability of l-i out.(c) a.ndi,i  in.(D) in l.iXC. _Anod&

CURRENT (mA) CAPACIT-Y  (nlAtj)
-----.----  -----------m---- -.---------------------  ---------- .-.----s-------------  ----------

D 26 783
c 50 789
----- .------ k ------------------------------------------------------------ -----------------
D 26 791
c 100 763
------------------------------------------------------------- -----------------------------

D 50 728
c 50 741
------------  -----  c ------------------------------------------------------------------------

c) 50 734
c 100 716
------------- --------- ------------------------ -- = ------------------------------------------ --
D 50 714
c 200 697
---------------- ------------------------ ----------.  ---------------------------------------

50 710
: 300 670

* CAPACITY >200 nlAh/gnl  at 1 nlA/cn12.


